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ABSTRACT 
Miscanthus is emerging as a promising feedstock for domestic biofuel production. 
However, inefficiencies of machinery that are used for harvesting bioenergy crops such as 
miscanthus currently prohibit commercial production. The performance of a mower-conditioner 
used to harvest miscanthus was evaluated and modifications were made to allow the machine to 
operate more efficiently. Previous work on cutting parameters for harvesting miscanthus 
concluded that the energy requirement could be reduced by changing blade oblique angles and 
varying cutting speeds.  
A single disk cutter system was evaluated for use in determining the cutting parameters 
that should be implemented on the mower-conditioner. As a result, blades with oblique angles of 
20° and 30° were manufactured and fitted to the mower conditioner. The 30° oblique angle 
resulted in the greatest energy reduction with an energy consumption of 13.5 MJ/Mg as 
compared to 18.5 MJ/Mg for the conventional straight 0° blades. Further studies could reveal the 
effects of the replacement cost of the blades as compared to the energy savings achieved by 
using them. 
A yield sensing system was developed for use as a mechanism to determine the amount 
of energy consumed by the harvester per unit weight of biomass. The “look-ahead” yield sensing 
system detected crop yield just prior to the crop being cut by the mower-conditioner and 
correlated closely (R
2
=0.80)  with the actual crop yield measured by the yield monitor system on 
a New Holland BB9080 large square baler. The instantaneous yield measurements provided high 
resolution yield values that were used to determine the material energy consumption of the 
mower conditioner. Further development of the yield sensing system could enable it to be used 
as a feedrate control mechanism for controlling machine travel speed.  
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CHAPTER 1: INTRODUCTION 
Bioenergy crops are an important solution to reduce oil and gas imports by increasing the 
potential for production of renewable energy in the United States. They are also becoming an 
important way to support agriculture, rural economies, and new industries such as biorefineries, 
due to a biomass potential of over 1.3 billion tons DM and greater than a 3% share of the total 
domestic energy consumption from biomass (Perlack et al., 2005). Miscanthus x giganteus, 
hereafter referred to as miscanthus, is a sterile, high yielding C4 grass that has had much 
attention in Europe, and more recently the United States (Jorgensen, 2011), as a biomass 
feedstock to produce cellulosic ethanol. Studies have shown an average yield of 30 t/ha, at which 
rate if 12 million hectares of US farmland were used to produce miscanthus, enough biomass 
would be available to produce 35 billion gallons of ethanol (Heaton et al., 2008).  
One major concern of producing miscanthus and other biomass crops is economic 
sustainability (Giampietro et al., 1997; Heaton et al., 2010). This in turn raises the issue of how 
to improve harvest techniques as a measure of reducing costs associated with producing 
miscanthus. Research institutions are investigating harvesting systems and equipment for cutting, 
conditioning, windrowing and baling as a means of improving machine efficiency (Johnson et 
al., 2012). Modern hay-harvesting equipment are currently used, but must be operated at a slower 
travel speed than in hay crops because of the density and toughness of the miscanthus stems 
(Anderson et al., 2011). The objective of this study was to evaluate the machinery currently used 
to harvest miscanthus and to facilitate the optimization of harvest machine processes. 
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CHAPTER 2: OBJECTIVES 
There were two main objectives of this research. The objectives included measuring the 
energy consumed per Mg of miscanthus during harvest and determining ways to reduce the 
energy consumption. In order to accurately measure the energy consumption of the mower-
conditioner used to harvest miscanthus, a yield sensing apparatus must be used to determine 
instantaneous yield. Therefore, the objectives of this research were: 
 Determine effect of blade oblique angle on cutting energy of mower-conditioner 
in miscanthus harvest. 
 Develop and evaluate a “look-ahead” yield sensing system for use in determining 
machine energy consumption and material throughput control. 
The results of the experiments were used to determine methods of reducing the overall 
energy consumption of the energy crop harvesting process while at the same time increasing the 
effective field capacity of the harvest machine by maximizing the material throughout rate. 
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CHAPTER 3: REVIEW OF LITERATURE 
The development of bioenergy crops for use as a replacement for oil and gas imports has 
made necessary the evaluation of conventional hay and forage harvest equipment as a means of 
harvesting these crops. This equipment, which has not changed dramatically since its 
development (Stone and Gulvin, 1977), may require some modifications and additions to be 
useful in harvesting energy crops such as miscanthus (Anderson et al., 2011). Such additions 
may include yield monitoring and sensing systems, which are not currently widely available for 
this equipment. Research has been done regarding the amount of cutting energy expended when 
harvesting miscanthus, and results have shown that modifications to the cutting mechanism will 
reduce the energy consumption of the harvester (Johnson et al., 2012). The following sections 
explore the importance of yield monitors and yield sensing systems in agriculture, and their 
application to hay and forage crops, as well as efforts to apply yield sensing to hay and forage 
equipment. Finally, an overview of harvesting equipment and results of harvest energy 
consumption will be presented. 
 
3.1 Yield Monitors and Precision Agriculture 
Precision agriculture is a process or technique which involves collecting, interpreting, 
planning, and use of data about a field and crop (Buick, 1997). This requires the use of various 
technologies, including yield monitor systems. A yield monitor system can be considered a 
logical first step in precision agriculture because it provides the farmer information about the 
yield of a crop as it is harvested (Buick, 1997). This information can vary according to spatial 
differences in the field, and maps can be generated from it which provide the farmer information 
he can use in planning and decision making (Griffin et al., 2004). 
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Yield monitors have been commercially available since the 1990s, first becoming 
available in grain and soybean combines and later in cotton harvesters. The rate of adoption of 
yield monitors has grown steadily since their introduction; combines equipped with a yield 
monitor system were estimated to be close to 50% in 2004 (Griffin and Lambert, 2005). Farmers 
are using the data collected from their yield monitor systems in grain, cotton and soybeans as a 
decision making tool when determining amounts of inputs and what crops to plant in a particular 
field (Grusy, 2004). It has been suggested that the availability of such technology as yield 
monitors has motivated innovative farmers to collect on-farm information as a basis to guide 
farm management decisions (Griffin et al., 2008) . Many of these farmers design their own on-
farm trials and collect information for the purpose of analyzing it to make decisions about 
implementing it further (Griffin et al., 2008). 
 
3.1.1 Potential Obstacles and Solutions to Implementing a Yield Monitor System 
The size of the farming operation is an important factor to determine when trying to 
assess how yield monitor systems are utilized. The larger a farming operation is or the higher the 
gross income, the more likely it is that a yield monitor system is utilized (Grusy, 2004; Conley 
and Santini, 2007). This identifies a potential problem area with yield monitor technology. 
Currently, farmers who own smaller farms or have a lower gross income may not realize the 
potential benefits of owning and using a yield monitor system. 
Technology continues to improve, and new features and resources are being made 
available. Determining what features and technologies are appropriate for any particular farm is a 
problem for most farmers (Grusy, 2004). At the same time, new obstacles about how to analyze 
and adopt information received from these technologies, continue to develop (Griffin and 
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Lambert, 2005). It is important to address these obstacles in order to help farmers achieve the 
benefits that can be provided by implementing a yield monitor system in their hay and forage 
operation. First of all, a majority of farmers believe that the potential benefits of these 
technologies are outweighed by their cost (Hudson and Hite, 2003). To address this issue, 
awareness of the potential benefits must be enhanced and the profitability of the technologies 
must be improved.  
One method of increasing awareness of the benefits of emerging and existing 
technologies is to hold on-farm demonstrations and field days. Farmers are more receptive to 
learning about new technologies if they learn about it through their peers who have actually used 
the technology and benefited from it, rather than if they learn about it from a controlled setting 
such as a manufacturer or a university (Barao, 1992). 
Another method of helping farmers understand the profitability of yield monitor 
technology could be by increasing agricultural lenders’ understanding of the potential benefits 
and profitability of a yield monitor system. This is important because agricultural lenders 
exercise considerable influence over farmers and their decision to adopt new technologies 
(McIntosh and Zey-Ferrell, 1986). If a farmer’s banker understands how a yield monitor system 
can be used as a management tool that will increase profits, he will be much more likely to try to 
influence that farmer to adopt the technology (McIntosh and Zey-Ferrell, 1986). 
 
3.1.2 The Importance of Yield Monitor Systems in Hay and Forage Operations 
One of the concerns that society has about farming is the technology that is introduced 
and how it is used. One survey indicated that 87% of people were more concerned about 
environmental impacts of new agricultural technology than the economic benefits that could be 
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achieved by a farmer’s implementing it (Weber et al., 1995). Farmers themselves have also 
expressed an interest in becoming better stewards of their land and the environment in which 
they live and farm. They have shown an interest in adopting technologies that may help reduce 
chemical usage (Weaver, 1993). They also believe that technology improvements and 
environmental issues are among the most important managerial decision making factors they 
must address (Tassell and Keller, 1991). 
A yield monitor system for hay and forage will allow a farmer to identify areas of his 
fields that are productive and other areas that are not. The farmer can then gather soil nutrient 
information, topography information, soil type and quality, and fertilizer and chemical input 
information. By combining all this information using computer software, he can develop 
prescription maps (Buick, 1997). A prescription map will show him the areas of the field  where 
he needs to apply less fertilizer and chemicals to optimize his crop yield, and other areas where 
he can avoid application to reduce the chance of the chemicals and fertilizers leaching into water 
sources (Guo et al., 2008). In this way, a yield monitor becomes a management tool that helps a 
farmer become a better environmental steward, and he can demonstrate his social responsibility. 
 
3.1.3 Types of Crops 
Crop yield is defined as the amount, or mass, of salable crop that is harvested per unit 
area (Ross et al., 2008). A system that measures the yield as the crop is being harvested may give 
an agricultural producer an advantage when determining when to sell his crop, as he knows 
immediately the amount of crop he has available for sale (Buick, 1997). Concepts for yield 
monitors for various crops have been explored, such as sugarcane (Randy et al., 2007),  citrus 
(Maja and Ehsani, 2010), silage crops (Kamgar et al., 2008), tomatoes (Pelletier and Upadhyaya, 
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1999), peanuts (Thomas et al., 1999), and potatoes(Hara et al., 2003), to name a few examples. 
However, commercially available yield monitors for these crops are generally not yet available. 
Much research has been performed on developing yield sensing and monitoring systems for hay 
and forage crops as well, as explained in section 3.2, although a system is not commercially 
available for use on hay harvest equipment such as a mower-conditioner. However, a yield 
monitor for hay and forage machinery may not be useful for all farms. Of over 2.2 million farms 
in the United States in 2007, only 500,000 were classified as being a hay farm or similar type 
(USDA, 2009). This means that these farms raise hay as their primary crop, and if a yield 
monitor system were commercially available, it may not be economically viable for the farm 
manager or owner to decide to adopt such a technology.  
 
3.1.4 Yield Monitor and Precision Agriculture Summary 
Precision agriculture is a process that allows farmers to use farm technology as a 
management tool to reduce inputs and minimize environmental impact while improving crop 
yields and maximizing profits (Adhikari et al., 2009). Yield monitor systems are an integral part 
of precision agricultural technologies. They provide farmers with on-farm and in-field data that 
they can combine with other data to use in managerial decision making. 
Many farmers are concerned that the costs of implementing precision agriculture 
technology outweigh the potential benefits. This is one of the major obstacles that must be 
overcome in order for the rates of adoption to improve, and so that farmers will adopt a yield 
monitor system for hay and forage crops. Other concerns that must be addressed include how this 
type of technology affects the environment and how farmers learn about the technology, 
including sources of information that influence their decision to adopt or not to adopt. However, 
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the largest obstacle may be that a reliable, widely available, yield monitoring and sensing system 
for hay and forage harvest equipment is not currently available. 
 
3.2 Yield Sensing for Hay and Forage Equipment 
Modern hay and forage harvest equipment are modified for use in harvesting crops that 
are produced as bioenergy feed stocks. However, some modifications are necessary in order for 
these machines to be used efficiently (Anderson et al., 2011). These modifications include the 
use of sensors and other technology to determine the amount of biomass harvested. The objective 
of this review is to summarize the research and development of sensors and systems designed to 
collect mass-flow and yield data of hay and forage. 
 
3.2.1 Mass-Flow Determination 
Several methods of determining the rate of mass-flow through hay and forage harvesting 
equipment have been explored. These sensors measure feedroll displacement, crop impact force, 
and torque, among others. 
 
3.2.1.1 Feedroll displacement 
Much research has been done in measuring the amount of feedroll displacement as a 
means of determining the amount of mass-flow of crop (Ehlert and Schmidt, 1995; 
Auernhammer et al., 1996; Barnett and Shinners, 1998; Kromer et al., 1999; Martel and Savoie, 
2000; Schmittmann et al., 2000; Ehlert, 2002; Shinners et al., 2003; Kumhala et al., 2007a). To 
determine the feedroll displacement a vertical displacement transducer (Martel and Savoie, 2000; 
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Savoie et al., 2002), linear potentiometer (Shinners et al., 2003), and load cells with springs 
(Forristal and Keppel, 2001) were used.  
The vertical displacement transducer and linear potentiometer measured the displacement 
of the feed rolls (Savoie et al., 2002; Shinners et al., 2003) as material flowed into the harvester 
to determine the amount of material. Forristal and Keppel (2001) measured the feedroll 
displacement by attaching them to fixed load cells with springs and recording the exerted force.  
The accuracy of these sensors in predicting mass-flow varied between the different 
experiments, but generally the transducers are considered to be well correlated with the mass-
flow rate (R
2
=0.937 in chopped whole-plant corn (Martel and Savoie, 2000) and R
2
=0.863 in 
timothy grass (Savoie et al., 2002)). The load cell and spring method was not as reliable, and the 
researchers reported that there was no clear relationship between the feed roller position and 
forage throughput (Forristal and Keppel, 2001). 
 
3.2.1.2 Crop impact force 
A curved impact plate similar to what is used in combine yield monitor systems has been 
tested in hay and forage equipment to determine the amount of crop that passes through the 
harvester (Martel and Savoie, 2000; Forristal and Keppel, 2001; Savoie et al., 2002; Shinners et 
al., 2003; Kumhala et al., 2007a). These sensors consist of an impact plate in the spout or 
windrow shield of the harvester that exerts force on a load cell or strain gauge as the crop flows 
against and past it (Savoie et al., 2002; Shinners et al., 2003). They are considered more reliable 
than the sensors detecting the feedroll displacement but not as durable (Savoie et al., 2002). 
The reported correlation of the impact sensors to the actual mass-flow vary from R
2
=0.84 
(Forristal and Keppel, 2001) to R
2
=0.95 (Savoie et al., 2002). Much of the research using impact 
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sensors has been performed on the output spout of forage harvesters, however, there have been 
several studies performed on the swath forming shield of windrowers. The application is similar 
for both types of harvesters. 
 
3.2.1.3 Torque sensors 
Savoie et al. (2002) suggested that the amount of crop flowing through the harvester 
would have an impact on the amount of torque needed to drive the machine, and that a higher 
torque value was associated with a greater mass-flow. Torque sensors have been used on the 
PTO drive shaft, platform drive and cutter head (Savoie et al., 2002; Kumhala and Prosek, 2003; 
Wild et al., 2005; Kumhala et al., 2007a). The recorded data correlate with mass flow rate with a 
coefficient of determination of R
2
=0.705 (Savoie et al., 2002) to R
2
=0.98 (Wild et al., 2005). It 
should also be noted that the moisture content can affect the accuracy of the torque meter. There 
is a higher correlation between the torque meter readings in determining wet mass-flow 
(R
2
=0.705) than in determining dry mass-flow (R
2
=0.865) (Savoie et al., 2002). 
 
3.2.1.4 Other mass-flow sensors 
Capacitance sensors are common for use in determining crop moisture content, and much 
research has been conducted in that area (Barnett and Shinners, 1998; Martel and Savoie, 2000; 
Savoie et al., 2002). On the basis of that research, Kumhala et al. (2007b) studied the possibility 
of a non-contacting method of determining mass-flow, by passing material between capacitor 
plates and measuring the output voltage of the sensor. As the amount of material passing 
between the plates increased, so did the circuit output voltage, with a coefficient of determination 
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ranging from R
2
=0.87 to R
2
=0.98 depending on the material and the moisture content (Kumhala 
et al., 2007b).  
The basis for another approach relied on a harvester with a hydraulic drive. Pressure 
gauges were included on the input and output lines of the hydraulic motor, and the differences in 
the pressure were recorded during operation. The researchers determined that the pressure drop 
in the motor depended not only on the mass of the material being conveyed, but also the varying 
efficiency of the hydraulic motor. They reported that this is a feasible method of determining 
mass-flow (Wild et al., 2005). 
Shinners et al. (2000) developed a method of measuring the bale displacement rate in a 
large square baler by using a star wheel driven rotary encoder. The star wheel was located near 
the end of the bale chamber to reduce the effect of hay re-expansion. The mass flow rate was 
determined by the weight of the bale divided by the time required to form it. The displacement of 
the encoder correlated closely to the mass-flow of dry alfalfa (R
2
=0.88 to R
2
=.96) (Shinners et 
al., 2000). 
Load cells and strain gauges have also been used in round balers and large square balers 
as a method of determining mass flow. Wild and Auernhammer (1999) developed a system for 
use in round balers. They equipped the baler with a load cell in the drawbar and strain gauges on 
each side of the baler axle. The accuracy of this system depended on whether a static weight or 
dynamic weight was obtained. The static method of weighing during vehicle stops produced 
errors of less than 1%, compared with 10% for a continuous dynamic weight (Wild and 
Auernhammer, 1999). Shinners et al. (2003) placed load cells in the bale chute of a large square 
baler to measure the bale weight and reported that the dynamic bale weight, in conjunction with 
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speed of bale formation, produced an accurate estimate of mass-flow through the baler 
(R
2
=0.995). 
 
3.3 Harvest Equipment Used in Bioenergy Crops 
Traditional hay harvest equipment, such as mower-conditioners, balers, and forage 
harvesters, are typically used in harvesting bioenergy crops such as miscanthus. However, due to 
the density of the crop and the toughness of the plant material, some modifications are necessary 
(Lewandowski et al., 2000; Anderson et al., 2011).  Typically, forage crops are harvested and 
preserved in one of two ways – direct-cut or field wilted (Srivastava et al., 2006). These methods 
allow the forage to be stored at a desired moisture level. The direct-cut process requires that the 
crop be preserved and stored at the moisture content at which it was harvested. Field wilting 
allows the crop to dry to a lower moisture level than when it was cut. While the direct-cut 
method of harvesting can typically be performed in a single pass through the field, the field 
wilting process requires multiple passes through the field to turn the crop, gather it into 
windrows, and bale it. It is possible to harvest energy crops such as miscanthus at less than 20% 
moisture (Kristensen, 2003), thus requiring little to no time necessary for field wilting 
(Lewandowski et al., 2000). This in turn eliminates the need for some of the operations that are 
performed in a typical hay harvest operation. The functional process of harvesting miscanthus 
with both a forage harvester and a mower conditioner is described in figure 1. 
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Figure 1: Functional process of harvesting miscanthus as an energy crop. 
 
Machines that combine the mowing, or cutting operation, with the conditioning process 
are known as mower-conditioners. The crop is first cut by either reciprocating blades or rotary 
blades and then conditioned, or broken, for faster drying (Srivastava et al., 2006). As already 
mentioned, the moisture content of miscanthus is low at the time of harvest, eliminating the need 
to condition for drying, but conditioning is still necessary to facilitate the gathering and baling of 
miscanthus stems. The length and stiffness of the miscanthus stems may plug or stop the baler 
pickup if not crimped sufficiently by the conditioning process (Kristensen, 2003). 
Much research has been done on evaluating the cutting of grass stems and the 
performance of mowing systems such as those contained in mower-conditioners. A review of the 
performance and features of the different cutting mechanisms employed in mower-conditioners 
can be found in Johnson (2012). 
The power requirements of mower-conditioners vary greatly, depending on the cutting 
mechanism and other machine parameters such as width. A mower-conditioner with a sickle 
cutterbar will require 4.5 kW/m  as compared to 8.0 kW/m for a disk mower-conditioner 
(ASABE, 2011). Tuck et al. (1991) have reported that the power requirement of a mowing 
machine may be very high if the blades are allowed to become dull, as the cutting becomes 
Deflect Cut 
Mower 
Conditioner 
Condition Windrow Bale Transport Store 
Forage 
Harvester 
Chop Transport Store 
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inefficient. A sickle cutterbar cuts the crop material by means of reciprocating knife sections and 
a countershear, while the crop material itself supplies the support force for a rotary machine to 
cut the stalk (Srivastava et al., 2006). The impact cutting action, as well as air pumping action 
that is performed by the rotary cutterheads, account for the differences in the energy 
consumption. Another reason may be that the crop is not only cut by the blades, but also 
accelerated during impact.  
The energy consumption of the impact cutting action of a mowing machine may be 
reduced by increasing the blade oblique angle. Laboratory studies performed by Johnson et al. 
(2012) in which blade angles of 0°, 30°, and 60° were studied, have indicated that a blade 
oblique angle of up to 60° had a lower cutting energy than a conventional straight blade of 0°. 
The straight cut required an average of 8.4 M J/ha as compared to 5.6 MJ/ha for the 60° oblique 
cut (Johnson et al., 2012). These results were in agreement with observations made by Persson 
(1987), that the greater the blade oblique angle, the greater the possible reduction in energy. 
However, it has been suggested that the optimum blade angle is in the range of 15°-30° 
(Odogherty and Gale, 1986).  
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CHAPTER 4: MATERIALS AND METHODS 
In order to investigate the machine system energy and yield determination several 
experiments and tasks were completed. First of all, a “look-ahead” type yield sensor was 
developed as a means of detecting crop yield before cutting. A single disk-cutter machine was 
developed and used to measure energy consumption per cutter head of a disk-mower machine for 
the 2012 harvest season. The crop harvested with the single disk-cutter was then gathered by the 
baler, and no definite yield data were collected. Harvest energy for the single disk-cutter was 
recorded by a custom data-logger program for cutter head torque and speed. The single disk 
cutter system was outfitted with a prototype of the yield sensing system, and a full-scale system 
was installed on a commercially available mower conditioner. Information used to determine 
harvest energy of the mower-conditioner was collected from CAN messages on the machine 
during the 2012 and 2013 harvest season, while a data logger system simultaneously recorded 
the CAN information and yield sensor information. The following sections describe how these 
systems operated and gathered the information, as well as the development of the yield sensing 
system.  
 
4.1 Harvest Equipment 
Several machines were utilized in the harvesting process of miscanthus, including the 
mower-conditioner described in section 4.1.1 and a New Holland BB9080R large square baler 
equipped with New Holland’s baler yield monitor system. The baler was powered by a John 
Deere 7930 tractor. Data recorded from the baler yield monitor system were useful for 
comparison and validation of the yield data collected by the yield sensing system described in 
section 4.2, but have not been  presented for analysis in this study. 
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4.1.1 Mower-Conditioner  
The commercially available equipment that were used to harvest miscanthus consisted of 
a New Holland self-propelled H8080 mower-conditioner with a model 750 HD Specialty rotary 
disc head (fig 2). A 168 kW engine that produced a rated torque of 729.2 Nm was the power unit 
on the H8080 mower-conditioner. The 750 HD Specialty disc head had a cutting width of 4.7 m 
and 12 discs with a maximum speed of 3000 rpm. Each disc had two blades affixed to it for 
cutting the crop.  
 
Figure 2: New Holland H8080 self-propelled mower-conditioner with 750 HD Specialty 
rotary disc head. 
Due to the large volume of crop material that must pass through the machine, several 
modifications had been made to the disc header, as shown in figure 3. These modifications 
included a smaller diameter auger to convey crop material to the center of the header for 
conditioning, crop lifters to propel the crop material away from the discs, and fingers in the 
center of the auger to propel the crop material into the conditioning rolls. The chevron-design, 
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intermeshing molded rubber conditioning rolls were replaced with slatted-steel conditioning rolls 
to provide a more aggressive crop conditioning to enable greater ease of operation when baling. 
 
Figure 3: Modifications performed on 750 HD Specialty rotary head (conditioning rolls 
removed). Fingers (A), small diameter auger (B), and lifters (C). 
An additional pushbar was added to the existing pushbar as a means of sensing the 
bending force of the miscanthus, and is described in section 4.2. A single disk cutter was set up 
for use in measuring harvest energy per cutterhead and per blade. This apparatus is described in 
section 4.3.  
 
4.1.2 Harvest Monitor System 
A program previously written for use by Johnson (2012), was used to collect and store 
data from the mower-conditioner. The program was written in LabVIEW ® (National 
Instruments) (fig. 4). A full description is not given here, but may be found in Johnson (2012). 
The harvest monitor was designed to collect information from the CAN-bus of the mower-
conditioner, and the GPS. It was modified for this research to also be able to collect information 
from the yield sensing system described in section 4.2. The information that was collected from 
the CAN-bus included engine speed and load and was recorded at a rate of 1 Hz. The GPS 
information that was collected included local time, latitude, longitude, travel speed and heading, 
A 
B 
C 
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and was also recorded at a rate of 1 Hz. The yield sensing information was collected as a voltage 
at a rate of 1000 Hz. All this information was saved as a text file with a user specified name. 
During the harvest trials, the data logger was initiated, and each block and treatment was saved 
as a separate text file to aid in data analysis. The data analysis is described in section 4.4. 
 
Figure 4: LabVIEW® (National Instruments) harvest monitor system used to collect CAN 
data, GPS information, and miscanthus bending force values. All the variables that were 
collected are shown in the figure. 
4.2 Development of a Yield Sensing System 
In order to eliminate the effects of the machine operator on the harvest machine energy 
consumption, it was necessary to determine the yield of the crop for each data point collected of 
the other variables needed to determine the energy consumption. A “look-ahead” yield sensing 
system was developed to measure the yield of the crop just prior to the crop being cut. The idea 
was that the yield information could eventually be used as a feed rate control measure, but in the 
meantime as a variable in measuring energy consumption of the harvest machine in MJ/Mg. 
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The yield sensing system was mounted on the front of the pushbar on the disk head by 
affixing three load cells (S type 445 N load cells, Transducer Techniques, Temecula CA) 
between the pushbar and another pipe (pushbar) extending across the width of the harvester. All 
three load cells were connected via a summing box and the voltage signal was sent to the harvest 
monitor system described in section 4.1.1. As the mower-conditioner moved forward into the 
crop, the force the miscanthus stems exerted on the pushbar as they bent forward until they were 
cut was transmitted by the load cells as a voltage to the data logger system at a data rate of 1000 
Hz. A schematic of the bending action of the miscanthus stems and their interaction with the 
pushbar is shown in figure 5. It was assumed that the amount of force exerted on the push bar 
was proportional to the total mass of the stems in contact with the pushbar at a given moment. 
 
Figure 5: Schematic of the action of the miscanthus stem bending against the pushbar as a 
means of determining yield. 
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4.2.1 Yield Sensor Calibration 
The voltage readings given by the load cells were converted to a measurement of mass by 
performing a calibration procedure during which known weights were applied to the push bar 
and the resultant voltage recorded. During normal operation, the pushbar and load cells were 
mounted parallel to the ground. In order to perform the calibration procedure, the pushbar and 
load cells were rotated above the mounting bar to a vertical position, perpendicular to the ground 
as shown in figure 6. 
 
Figure 6: The pushbar and load cells were rotated to a vertical position on the mounting 
bar to accommodate the calibration procedure. 
Using lengths of twine string as shown in figure 6, weights were applied to the pushbar at 
even intervals.  The intervals at which the weights were fastened was varied, both closer to and 
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farther from each load cell. This was to determine the effect of the location of the force applied 
to the pushbar. There was found to be no effect of the placement of the weight across the 
pushbar.  
Next, the values associated with the voltage readings from the load cells were 
determined. The weights that were used were of known values, ranging from 18.1 kg (40 lbs) to 
0.45 kg (1 lb) and are shown in table 1. The testing began with a maximum weight of 145kg (320 
lbs), and the weights were removed in a systematic manner, one at a time. As each weight was 
removed, the voltage reading from the load cells was recorded to correspond with the amount of 
weight it represented. The tables containing the data from the calibration are found in Appendix 
A.  A separate calibration was performed for each of the 2012 and 2013 harvest seasons.  
Table 1: Weights used in the pushbar calibration 
Weight 
value 
18.14 kg 
(40 lbs) 
9.07 kg 
(20 lbs) 
4.54 kg 
(10 lbs) 
2.27 kg 
(5 lbs) 
0.454 kg 
(1 lb) 
Number of 
weights 
available 
8 4 4 8 4 
 
 
4.2.2 Testing and Validation 
Data collected during the 2012 season were analyzed and compared to actual yield data 
recorded by the baler, and an equation was developed to convert the voltage to a force value (kN) 
and then to a yield (Mg/ha). The location of the bale formation was compared to the location of 
the pushbar yield sensing data, and the accumulated weight measured by the pushbar over the 
same area as the bale formation was used to determine the relationship. A logarithmic correlation 
was found with a regression coefficient of 0.80 (Mathanker et al., 2013):  
                     (1) 
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where:    miscanthus yield, Mg/ha 
    accumulated bending force, kN/ha 
The voltage values that were recorded during the 2012 harvest season were converted to a 
measurement of weight, which was then converted to kN. The voltage and weight values from 
the calibration procedure described in section 4.2.1 were analyzed to create a conversion 
equation: 
 0002.00125.0  xy  (2) 
where:    weight of miscanthus stems, Mg 
    2012 voltage value 
The training data for the logarithmic function is not explored further here, but a full 
description has been reported by Mathanker et al. (2013). The complete description of 
conversions and equation development for the 2013 validation data may be found in section 
4.4.1.3. 
 
4.3 Evaluation of a Single Disk-Cutter 
The field experiments for the single disk-cutter were performed at the University of 
Illinois at Urbana-Champaign Energy Farm in a mature fourth year miscanthus plot on January 
6, 2012. The machine travel speed was set at approximately 5.25 km/h, +/- .75 km/h. The data 
logger began collecting data when the user initialized data collection. Data were collected for six 
different configurations of cutting speed, blade oblique angle, and blade fixture. The 
configurations are listed in Table 2. 
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Table 2. Blade oblique angles and cutting speeds used in single-disk cutting experiment. 
Blade oblique angles Cutting speeds (m s-1) 
0 31.5 
30 47.3 
40 63.0 
 
4.3.1 Experimental and Machine Setup 
Three repetitions were performed for each configuration and stored as text files. To study 
the effect of each configuration on the power requirement for miscanthus harvest equipment the 
data were pooled and analyzed as described in section 4.3.2. 
The setup consisted of a hydraulically driven single disk-type cutter-head (fig 7) mounted 
on the three-point hitch of a tractor. The cutter-head and blades were of the type used on New 
Holland disk mowers mentioned earlier. Two blades were mounted on the cutter-head.  A torque 
meter that included a speed sensor (Omega Engineering, model TQ501-1K) was mounted 
between the hydraulic motor and the cutter-head. A push bar attached to an load cell (s-type, 
Transducer Techniques) was mounted in front of the cutter-head to measure the bending force of 
the miscanthus. A data logger program in LabVIEW® (National Instruments) was written to 
acquire the data. 
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Figure 7: Hydraulic driven single-disk cutter-head: Torque meter with included speed 
sensor (A), Force sensor (B), Cutter head (C), Location of one blade mounting (D). 
 Johnson et al. (2012) studied the cutting energy characteristics of miscanthus by varying 
the cutting speed and blade oblique angle in a laboratory setting. The study provided important 
parameters for blade type and blade oblique angle to be used in the field experiment. The blade 
oblique angles used were straight (0°), 30° and 40° (fig 8). The blade oblique angle of 60° was 
not used because the type of blade used in this study could not be modified to that angle without 
changing other important characteristics, such as blade length. The blades used were of the type 
fitted to New Holland disk mowers, and were modified from the normal straight (0°) 
configuration to both 30° and 40° oblique angles with an angle grinder. 
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Figure 8: Cutting blade with different oblique angles representing: 40° oblique cut (A), 30° 
oblique cut (B), and straight cut (0°) (C). 
Two different blade mountings were used, fixed and flexible. The fixed blades consisted 
of the blade mounting nut being welded to the blade to affix it perpendicular to the travel path of 
the blade. The flexible mounting represented the typical mounting used in a disk cutter operation, 
where the blade is allowed to swing freely on the cutter-head. 
The cutter-head had an operating width of 0.5 m, from blade tip to blade tip, and operated 
at various cutting speeds as shown in table 2. The individual blade lengths were 0.051 m each. 
There was no swath control mechanism on the machine, so as the crop was cut it simply fell 
where it initially stood or where it was propelled by the rotating cutter-head. The single-disk 
cutter apparatus was attached to a John Deere 7330 tractor with a power of 97 kW at a rated 
speed of 2100 rpm (Hoy et al., 2009). The tractor was also equipped with a John Deere Greenstar 
GPS receiver, which received an RTK signal. 
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The blade length and the cutterhead diameter were used to determine the theoretical 
travel speed at 0% blade overlap. Blade overlap is defined as the amount of the total blade length 
that is not used for cutting, based on the forward movement of the cutter head per revolution. 
The knife tip path follows a cycloidal path as explained by Srivastava et al. (2006). 
 
4.3.2 Data Logging System 
A computer program was written in LabVIEW ® (National Instruments) (fig. 9) to 
collect and record the information generated by the sensors on the single disk cutter system. The 
computer-based data logger system collected information regarding the cutter-head speed, cutter-
head torque, GPS location, ground speed, and had a sample rate of 1 Hz. The information 
collected for each blade configuration and blade speed was saved as a separate text file on the 
computer. 
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Figure 9: LabVIEW ® (National Instruments) program [sic] used to collect and store in-
field data from single-disk cutter and GPS. 
 
4.3.3 Data Processing and Analysis 
There were 18 different combinations of blade angles and blade speeds that were tested 
during this experiment and three samples were collected for each combination. Each sample was 
stored as an individual text file, which was then imported into Excel for sorting and analysis. The 
instantaneous power consumption for each data point was calculated using 
 
60000
2 TN
P



 (3) 
where:    cutter head power, kW 
    cutter head rotational speed, rpm 
    cutter head torque, Nm 
The field capacity for each data point was calculated using 
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10
wv
Ca   (4) 
where:     area field capacity of cutting machine, ha/h 
    cutter head width, m 
    cutting machine travel speed, km/h 
The energy consumption for each data point was calculated using 
 6.3*
aC
P
E   (5) 
where:    energy consumption, MJ/ha 
    cutter head power, kW 
     area field capacity of cutting machine, ha/h 
Each sample for each blade-speed configuration was averaged to determine the average 
actual cutting speed, travel speed, and energy consumption. This information was compiled in 
Excel and the energy consumption and cutting speeds were compared between the blade 
configurations. 
 
4.4 Cutting Experiment Data Analysis 
Laboratory studies performed previously by Johnson et al. (2012) and a review of 
literature indicated that energy savings could be achieved by replacing the standard straight 
blades that are traditionally used on mower-conditioners with blades that have a higher oblique 
angle. Two sets of blades, one at 20° and one at 30° were custom manufactured by Kondex® 
specifically for this experiment (fig. 10). The single disk cutter experiment was performed using 
blades with oblique angles of 30° and 40°. It was determined that the 40° oblique angle would 
not be practical. This was because at such an angle, the tip of the blade was reduced to a point, 
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and there was no blade material to account for blade wear without changing blade length, and 
significantly reducing blade life. The 30° blades that were produced only had one cutting surface, 
meaning they were not designed to be reversible like the original blades. The angle of 20° was 
selected for the second set of blades because it was found that the blades could be reversible and 
still have a significant amount of material at the blade tip. The effects of the blade angle on blade 
life were not considered in this experiment. 
 
Figure 10: Blades used in cutting experiments on the mower-conditioner. 
 
To evaluate the cutting energy based on the blade oblique angle, five plots of mature 
miscanthus located at the Energy Biosciences Institute farm were selected, so that there could be 
five samples for each of the three blade configurations. The mower-conditioner was first 
outfitted with a new set of normal, or 0° oblique angle, blades to begin the cutting experiment. 
The end rows of each plot were cut out first, using the straight blades, and then one-third of each 
plot was harvested with each of the sets of blades, 0°, 20° and 30°. 
The data logger system was set up to collect a sample at a rate of 1 Hz, with the exception 
of the bending force values, which had a sample rate of 1000 Hz. This resulted in a large amount 
0° 20° 30° 
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of data that was unusable for the purposes of this experiment. The unusable data were collected 
at the beginning of a data set before the machine entered the field, at the end of each pass when 
the machine was turning around to enter the next pass, and in the field when an obstruction was 
encountered and had to be avoided. Similarly the data logger program was originally written for 
use in another experiment that required the collection of information from the machine CAN bus 
that was not used in this experiment. 
 
4.4.1 Data Processing 
The data logger program wrote and saved the data that it collected to a text file in a user 
specified location. It was written in a comma separated format so that it could easily be read and 
converted for sorting and analysis. The data processing included sorting the raw data to find the 
useable, final data, and calculations and conversions of that data to find machine and field 
performance data. 
4.4.1.1 Data sorting and conversions 
The raw data collected from the data logger was imported into an Excel spreadsheet, with 
each variable in a separate column, and each row representing one data point. The voltage values 
representing the bending force were averaged to standardize the overall sample rate at 1 Hz. The 
information to be used for this experiment, time, GPS location, travel speed, engine speed, 
engine percent torque, and bending force, was copied to a new Excel workbook to be sorted.  
Some data points were partially missing due to GPS connection errors. The data that were 
missing included time, location and travel speed. When skips in the data occurred, it was 
generally a skip over every other data point until full connectivity was restored. In such instances 
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it was possible to fill in the missing data by averaging the values before and after the skip. In 
places where the skip included two or more data points, the whole line of data was eliminated. 
Due to the sensitivity of the load cells used to determine the bending force of the crop, an 
offset value needed to be applied to the recorded value. The offset value was determined by 
collecting data while the machine was stationary and the engine was running at full speed with 
the blades spinning. Thus any effects of vibration due to machine operation were recorded, and 
could be applied to determine zero bending force. This offset value was then applied to 
determine the actual force for determining crop yield at each data point. 
The GPS readings were collected in degrees and decimal minutes. To aid in sorting the 
data, each latitude-longitude pair was converted to an x-y coordinate pair. First, the degrees and 
decimal minutes were converted to decimal degrees: 
 
60
.
.
ffffmm
ddffffdd   (6) 
where:          decimal degrees 
     degrees 
          decimal minutes 
The decimal degrees were converted to radians using the UTM transformation (Dutch, 2003): 
 
180
.

  ffffdd  (7) 
where:    radians 
          decimal degrees 
To complete the coordinate transformation, the dimensions of the earth according to the 
NAD83/WGS84 datum listed in table 3 were used: 
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Table 3: Datum used to convert Latitude and Longitude to UTM 
Datum 
Equatorial 
Radius, m 
(a) 
Polar Radius, m 
(b) (e) 
NAD83/WGS84 6,378,137 6,356,752.3142   √  
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where:       displacement in east-west direction 
     reference corner 
       reference latitude in radians 
      longitude of data point in radians 
       reference longitude in radians 
and: 
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where:       displacement in north-south direction 
     reference corner 
      latitude of data point in radians 
 
The coordinate transformation as described here was necessary to be able to complete the 
analysis. The reference corner mentioned was found by determining the location of the southwest 
corner of the field and converting to radians. The coordinates of this point were then used to 
determine the displacement of each data point. Figure11 shows a swath pattern map that was 
created using this method. 
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Figure 11: Swath pattern map after coordinate conversion, showing distances in meters. 
 
The next step in sorting the data was finding the time spent turning. This was later used in 
determining the actual field efficiency of the mower-conditioner during the harvest operation. To 
find the turning time, the end row data was used to determine where the turning actually began. 
The location of each of the two passes used to cut the end rows was found by averaging the x-
coordinates for each pass between the southernmost pass of the 30 degree treatment and the 
northernmost pass of the 0 degree treatment. 
The turning for each pass was assumed to have started at half the swath width from the 
inside end row pass. In this experiment 2 m was added to the average x-value of the inside west 
pass and subtracted from the average x-value of the inside east pass. All the data were then 
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filtered to include only the data points outside of these two values. The data points that 
represented when the machine was approaching or leaving the field and avoiding obstacles were 
eliminated from the selection, and the turning data was left as shown in Figure 12. 
 
Figure 12: Data points representing the time spent turning between passes during the 
harvesting operation. 
 
Using the time for each data point, it was possible to determine the amount of time it took 
to complete each turn. The turning times were averaged for each treatment to determine a single 
turning time that would be used to calculate the field efficiency per treatment. 
The next step in the sorting process was to find the actual data that would be used for the 
analysis. The x-values that were used to determine the turning data were also used to determine 
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the useable data, by filtering the original data to find all the data points between those values. 
The data that were collected when the machine was maneuvering around obstacles in the field 
were then eliminated by scrolling through the data and finding the data points within each pass 
where the y-value would begin to vary significantly, meaning that the harvester was moving 
north or south to go around the obstacle in its path. The final sorted data is shown in Figure 13. 
 
Figure 13: Swath map of final sorted data. Data that were collected while avoiding 
obstacles in the field are included to show the swath path. 
 
4.4.1.2 Determining machine performance 
The final data for each treatment were stored in new worksheets where the final 
calculations and sorting could be completed. The final information needed to determine the field 
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efficiency was found in the final data. The y-values for each pass were averaged together and 
then subtracted from the previous pass to determine the effective swath width. The widths for 
each pass within a treatment were averaged together to determine the overall effective swath 
width per treatment. 
The theoretical maximum productivity of the machine, or theoretical area capacity, was 
calculated in order to determine the field efficiency of the machine. Field capacity is a function 
of the speed of the harvester, maximum width of the machine, and yield of the crop (ASABE, 
2006). The crop yield is not used to determine the theoretical area capacity: 
 
10
ws
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
  (10) 
where:      theoretical area capacity, ha/h 
    field speed, km/h 
    implement width, m 
The field efficiency is determined by finding the ratio of the performance of the machine 
under the operating conditions within the field, otherwise known as effective field capacity, and 
the theoretical area capacity (ASABE, 2005): 
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where:     theoretical time for operation, h 
      theoretical area capacity, ha/h 
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     effective implement width, m 
     actual implement width, m 
and: 
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  (13) 
where:     field efficiency, as a decimal 
     time for turning, h 
     time losses from other unproductive activities, h 
Therefore, the effective area capacity is a function of the speed of the harvester, the 
maximum width of the machine, and the field efficiency. The ASABE standard  EP496.3 (2006) 
expresses the effective area capacity of a machine as: 
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where:     effective area capacity, ha/h 
    field speed, km/h 
    implement width, m 
     field efficiency, decimal 
The data that were collected included engine speed and percent torque. The percent 
torque value that was recorded was the percent of the rated torque that the engine was producing. 
The actual torque and power were found: 
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where:    actual torque, Nm 
           percent torque value 
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      torque at rated speed, Nm 
and: 
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where:    power, kW 
    engine speed, rev/min 
    torque, Nm 
 
4.4.1.3 Using crop yield estimation to determine energy consumption 
At this point in the data analysis, it was necessary to visit the pushbar calibration 
information described in section 4.3.2. The values collected from the yield sensing system were 
used to determine the instantaneous yield of the crop, which was then used to help determine the 
energy consumption per unit weight of the crop. 
It was first necessary to convert the 2013 voltage values to a 2012 voltage equivalent 
value. Differences in the settings of the signal amplifier for the 2013 harvest required a new 
calibration procedure which was used to determine the conversion from 2013 to 2012 values: 
 1125.02695.2  xy  (17) 
where:    2012 voltage equivalent 
    2013 voltage measurement 
The conversion from voltage to weight was possible using equation 2, once the 2012 
voltage equivalent was obtained. At this point, the weight value was converted to a force value, 
in kN: 
              (18) 
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The bending force in kN needed to be applied to an area in order to be a measure of yield. 
The data sample rate was 1 Hz, and for each data point a machine width and a travel speed were 
recorded: 
  
 36000/sw
F
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
  (19) 
where:     bending force per unit area, kN/ha 
    bending force, kN 
    effective machine width, m 
    machine travel speed, km/h 
The final step in determining the instantaneous crop yield was accomplished using 
equation 1, developed by Mathanker et al. (2013). To simplify the conversion from voltage to 
yield, all the equations were combined: 
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where:    crop yield, Mg/ha 
      2013 voltage  
For some data points equation 20 returned a negative yield value. The reason for this was 
that due to the offset value that was determined for the load cells and the calibration of the signal 
amplifier that was used to smooth the data prior to being recorded had a lower limit less than 
zero yield. Therefore, negative yield values were theoretically possible. In such instances, the 
actual yield would have been at or near zero, but not negative. The data points that returned a 
negative yield value were considered unusable data, and were filtered out.  
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Once the voltage to yield conversion was completed, the effective material capacity could 
be determined according to ASABE standard EP496.3 (2006): 
  YCC am   (21) 
where:     effective material capacity, Mg/h 
     effective area capacity, ha/h 
    crop yield, Mg/ha 
Each data point collected by the data logger system at this point was represented by an 
area and by a crop yield. Therefore the performance of the machine at each data point could be 
determined. The final step in determining the machine performance was to find the energy 
consumption of the mower-conditioner at each data point: 
  6.3
m
m
C
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E  (22) 
where:     material energy consumption, MJ/Mg 
    power, kW 
     effective material capacity, Mg/h 
The material energy consumption calculated in this manner was the instantaneous 
measure of the energy consumption of the mower-conditioner at any given moment. It was then 
possible to determine the effect of varying the blade oblique angle on the energy consumption of 
the mower-conditioner through statistical analysis. 
 
4.4.2 Statistical Analysis of Energy Consumption 
The cutting energy experiments for the 2013 season included three different blade 
treatments applied to each of five different miscanthus plots. The hypothesis was that by 
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increasing the blade oblique angle, the energy consumption of the mower-conditioner could be 
reduced. The variables that were analyzed included blade angle, ground speed, engine torque, 
crop yield, and material energy consumption. The relationships that were analyzed were blade 
angle versus material energy consumption, blade angle versus engine torque, ground speed 
versus engine torque, crop yield versus engine torque, and engine torque versus energy 
consumption. The data were analyzed using the proc glimmix feature of SAS® statistical 
software. 
The data were sorted and refined using the procedures outlined in section 4.4.1, and then 
the relevant variables from among all the data were imported to a new Excel worksheet, sorted 
by plot and then blade angle, and then by pass. Each pass through the field was treated as a 
subsample for a more precise analysis. The workbook was saved as a comma delimited (.csv) file 
format. This enabled the SAS® statistical software to use the lookup function to analyze the data 
without importing it directly into the program. The code that was written to analyze the data can 
be found in Appendix C. 
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CHAPTER 5: RESULTS AND DISCUSSION 
An evaluation of the machine modifications that were made to determine instantaneous 
crop yield and energy consumption, as well as the variables that impacted the machine energy 
consumption are presented in the following sections. Results from the single-disk cutter 
experiments conducted during the 2012 harvest are presented and explored in section 5.1. The 
machine modifications that are discussed include the performance of the “look-ahead” yield 
monitor system in section 5.2 and the effects of the blade angle on machine energy consumption 
in section 5.3. A statistical analysis of the relationships between parameters and variables from 
the blade angle experiments is presented in section 5.4. 
 
5.1 2012 Single Disk Cutting Experiment 
The 2012 single disk cutter experiment was conducted to determine the effects of the 
blade cutting speed, machine travel speed, and blade oblique angle on the machine energy 
consumption. The relationships between each of those parameters were also investigated and are 
presented in the following sections. 
 
5.1.1 Cutting speed and travel speed 
Johnson et al. (2012) indicated that the cutting speed is an important factor in the cutting 
energy of miscanthus. Figure 14 shows the modeled and recorded cutting speeds versus the 
travel speed. Since the blade length of a mower conditioner is fixed, the necessary travel speed 
will be determined based on field conditions and the throughput capacity of the harvester. Once 
the travel speed had been set, the optimal cutting speed intersected the line that showed the 
desired amount of blade overlap. A small amount of blade overlap is necessary (Srivastava et al., 
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2006). The curves shown in figure 14 represent the modeled relationship between the blade 
cutting speed and the machine travel speed for a given amount of blade overlap. This would 
allow the machine operator to select the amount of blade overlap that was desired and set the 
machine travel speed and blade cutting speed accordingly. The travel speed would then be 
limited by field and crop conditions. 
Figure 14: Modeled and recorded blade cutting speeds versus the machine travel speed. 
 
For this study, a travel speed of 5 km/h was determined to be the best fit based on field 
conditions and machine limitations. At this travel speed, the cutting speed of 31.5 m/s provided 
between 13.7% and 23.2% blade overlap for all blade configurations. The amount of blade 
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overlap for the higher cutting speeds was much greater, as shown in figure 14. The optimal 
cutting speed will vary with the travel speed of the miscanthus harvest machinery. 
 
5.1.2 Blade configuration and energy consumption 
Figure 10 shows the effect of each blade configuration on the energy consumption of the 
harvest machine. This confirms previous laboratory studies and shows that the highest energy 
consumption was achieved with the straight blade configurations and the lowest energy 
consumption was achieved with the greatest oblique angle configurations. The energy required to 
cut one hectare of miscanthus was calculated and is shown in table 4. It was found that the 
difference in energy consumption between the fixed and flexible blade mountings was 
negligible, therefore only the data for the flexible blade fixture are shown in table 4. The ability 
of the blade to rotate freely is a safety feature that will allow the blade to swing back if it 
encounters a rock or other obstruction in the field. 
Table 4: Cutting speed and energy consumption by blade angle for 1 ha of miscanthus. 
Blade oblique 
angle 
Average cutting 
speed (m s-1) 
Average energy 
consumption 
(MJ ha-1) 
Average cutting 
speed (m s-1) 
Average energy 
consumption 
(MJ ha-1) 
Average cutting 
speed (m s-1) 
Average energy 
consumption 
(MJ ha-1) 
0° 26.9 23.1 44.0 33.0 59.4 46.1 
30° 28.0 16.9 44.7 22.6 61.0 29.5 
40° 28.4 9.1 44.8 27.0 59.9 25.7 
 
The highest energy consumption of 46.1 MJ/ha occurred when the 0° oblique angle was 
used and the lowest energy consumption of 9.1 MJ/ha occurred when the 40° oblique angle was 
used. It is assumed that for instances when an oblique angle smaller than 40° had a lower average 
energy consumption it was due to an error in the data. 
The cutting speed was also a factor in the energy consumption. The straight 0° blades 
consumed 46.1 MJ/ha at a cutting speed of 59.4 m/s, while an energy consumption of 23.1 MJ/ha 
was recorded at a cutting speed of 26.9 m/s. The same trend was evident in all three blade 
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configurations. These results confirm the laboratory studies performed by Johnson et al. (2012) 
and demonstrate that the cutting speed and blade oblique angle are directly related to the energy 
consumption and efficiency of miscanthus harvesting machinery. The optimization of these 
parameters will result in reduced energy consumption in the miscanthus harvesting machinery. 
 
5.2 Performance of Yield Sensing System 
For this analysis, the purpose of the yield sensing system was to determine the yield as a 
measure of energy consumption of the harvest machine per Mg of biomass. A full analysis of the 
training data and validation of the yield sensing system is reported by Mathanker et al. (2013). 
Overall, the yield sensing system performed according to expectations. The results demonstrated 
the variability of the in-field yield and are shown in figure 15. The B4 plot of mature 5
th
 year 
miscanthus is more dense at the west end of the field as compared to the east. However, 
Mathanker et al. (2013) reported that the correlation between the yield sensing system and the 
actual yield as measured by the baler yield monitor system was R
2
=0.80.  
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Figure 15: Miscanthus yield map generated from yield sensing system on mower-
conditioner, where: Y=Mg/ha 
The yield sensing system provided a reasonable measure of yield for calculating the 
material energy consumption, or energy consumption per Mg of biomass, of the mower-
conditioner. The relationship between the crop yield and the machine energy consumption was 
found to be exponential with an R
2
=0.849, as shown in figure 16. When the crop yield is low, the 
energy consumption of the mower-conditioner per Mg of biomass is very high, and decreases 
exponentially as the crop yield increases. This may be partially due to the fact that the machine 
operator may not be able to harvest the thinner crop at a higher travel speed due to inexperience 
or field conditions. 
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Figure 16: There is an exponential relationship between the energy consumption of the 
mower conditioner and the yield of the miscanthus. 
The advantages of this yield sensing system include offering the machine operator a 
measure of crop yield as a means of determining machine travel speed. Currently, operators of 
mower-conditioners only have the capability of visually determining the amount of biomass as a 
means of controlling machine speed. Therefore the machine travel speed can be highly variable, 
based on the skill and experience of the machine operator. The yield sensing system may be 
adapted as a feed rate control mechanism; maintaining a constant material throughput by varying 
the travel speed up to the maximum travel speed allowed by field and crop conditions. This may 
also be another means of reducing the overall energy consumption of the machine, by 
maximizing the material and area capacity of the machine. 
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Limitations to the yield sensing system include the effects of vibration on the 
performance of the load cells. Even when the machine is not harvesting any crop, the load cells 
return a voltage value to the data logger system. This effect is reduced by determining an offset 
value as described in section 4.4.1.1. The durability of the load cells may also be a concern, 
because of the field and atmospheric conditions under which they must operate. 
Overall, the yield sensing system has performed according to expectations, and an 
accurate measure of yield was obtained from it. Further refinement is necessary to make the 
system more durable and more accurate. However, the system shows promise as a method of 
determining crop yield for measuring energy consumption and ultimately for feedrate control and 
yield mapping capabilities. 
 
5.3 2013 Field Trials 
The data collected during the 2013 harvest were analyzed for several different 
relationships. The main objective was to determine the relationship, if any, between the blade 
oblique angle and the energy consumption of the mower-conditioner. The data also provided the 
opportunity to analyze the relationships between the travel speed and power requirement, the 
crop yield and the energy consumption, the blade angle and engine torque, the crop yield and 
engine power, and the crop yield and engine torque. 
Based on the results of a review of literature, the laboratory studies performed by 
Johnson et al. (2012), and single disk cutter field trials in 2012, special blades with oblique 
angles of 20° and 30° were manufactured and fitted to a conventional mower conditioner. The 
purpose was to study the effects of changing the blade oblique angle on the energy consumption 
of the machine. It was hypothesized that a higher oblique angle would result in an overall 
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reduction in energy consumption. Statistical analysis of the preprocessed and sorted data 
indicates that there is a difference in the energy consumption of the mower-conditioner based on 
the oblique angle of the cutting blades (table 5). The mean energy consumption of the mower 
conditioner with the straight, 0° blades was 18.5 MJ/Mg, decreasing to 13.5 MJ/Mg for the 30° 
blades. A statistical analysis of these results is presented in section 5.4. 
Table 5: Estimate of the mean energy consumption (MJ/Mg) by blade angle 
Angle Least Squares Means 
Angle Estimate Standard Error DF t Value Pr > |t| 
0 18.4696 2.8852 4.847 6.40 0.0015 
20 15.8612 2.8975 4.924 5.47 0.0029 
30 13.4627 2.8883 4.869 4.66 0.0059 
 
The linear relationships between the energy consumption, travel speed, engine torque, 
crop yield and engine power are presented in table 6. SAS® statistical software was used to 
analyze the data and provide the table showing the Pearson correlation coefficient of all possible 
relationships. The results indicate there is a relationship between travel speed and engine torque 
(R
2
=0.46) as well as travel speed and engine power (R
2
=0.46). However, engine power and 
engine torque are each a variable used to find the other, so they are the same thing. 
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Table 6: Correlation Coefficients showing relationships between variables. 
Pearson Correlation Coefficients, N = 7713  
Prob > |r| under H0: Rho=0 
 energy speed torque yield power 
      
energy 1.00000 
 
0.09798 
<.0001 
 
-0.07619 
<.0001 
 
-0.30141 
<.0001 
 
-0.07822 
<.0001 
 
speed 0.09798 
<.0001 
 
1.00000 
 
0.45656 
<.0001 
 
-0.45341 
<.0001 
 
0.46313 
<.0001 
 
torque -0.07619 
<.0001 
 
0.45656 
<.0001 
 
1.00000 
 
-0.05934 
<.0001 
 
0.99920 
<.0001 
 
yield -0.30141 
<.0001 
 
-0.45341 
<.0001 
 
-0.05934 
<.0001 
 
1.00000 
 
-0.05996 
<.0001 
 
power -0.07822 
<.0001 
 
0.46313 
<.0001 
 
0.99920 
<.0001 
 
-0.05996 
<.0001 
 
1.00000 
 
 
Previous studies have shown that engine power in a harvest operation is affected by travel 
speed and crop yield (McRandal and McNulty, 1978). This is because the ground speed 
influences the crop throughput while additional power is needed to propel the machine forward 
as speed increases (Johnson, 2012).  
The correlation between the crop yield and engine power in these results indicate that the 
relationship is insignificant at R
2
=0.06. The reason there is a lack of correlation may be that the 
relationship between the crop yield and the engine power requirement is not linear. It stands to 
reason that there would be a similar relationship between crop yield and engine power as there is 
between crop yield and energy consumption. This is because the energy consumption is found by 
dividing the engine power by the material capacity of the harvester (equation 22). 
However, the data collected for purposes of this study do not indicate a similar 
relationship, with a correlation of R
2
=0.17. The lack of evidence supporting previous findings in 
this instance is most likely due to the nature of the “look-ahead” yield sensing system. There is a 
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delay between the time of measurement of the yield data and the engine power. The yield data 
were collected just prior to the mower-conditioner cutting the crop, but were included in the data 
point information for the already cut material that was actually passing through the harvester at 
the same moment. The time delay was not measured at the time of data collection and therefore 
was not accounted for in this study. 
The cutting experiments conducted during the 2013 harvest season verified previous 
findings (Persson, 1987; Johnson et al., 2012) regarding the energy savings that could be 
obtained by increasing the blade oblique angle. The 30° angle blades had the lowest energy 
consumption with an average of 13.5 MJ/Mg, providing a reduction of 5 MJ/Mg from the 
straight 0° blades.  
 
5.4 Statistical Analysis and Interpretation of Results 
The data collected during the field trials of the mower conditioner modifications were 
processed according to the information provided in section 4.4.1, in order to prepare for 
statistical analysis. Although many variables were available for analysis, only the variables that 
were perceived or known to influence machine energy consumption were analyzed. These 
variables included blade angle, machine travel speed, engine torque, engine power and crop 
yield. The data were sorted first by plot, then blade angle, and finally by pass within each plot. A 
sample of the sorted data used in the statistical analysis may be found in Appendix C. 
The data were analyzed using SAS® statistical software. The Pearson correlation 
coefficient was first found for all variables as shown in table 5, and visual relationships were 
presented using scatterplots. All results from the correlation and scatterplot may be found in 
Appendix C. 
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The significance of the effect of the blade oblique angle on the machine energy 
consumption was quantified using the glimmix procedure in SAS®. This used the least squares 
method of estimating the mean value of the energy consumption by blade angle, and the 
significance of the difference in the means. The 0° straight blade had a mean energy 
consumption of 18.5 MJ/Mg, the 20° oblique blades had a mean of 15.9 MJ/Mg, and the 30° 
oblique blades had a mean of 13.5 MJ/Mg. The significance of the differences between these 
means is presented in table 7. The full statistical output can be found in Appendix C. 
Table 7: Significance of the differences of the least squares mean energy consumption by 
blade angle. 
Differences of Angle Least Squares Means 
angle _angle Estimate Standard Error DF t Value Pr > |t| 
0 20 2.6084 1.5504 8.426 1.68 0.1291 
0 30 5.0069 1.5340 8.214 3.26 0.0111 
20 30 2.3985 1.5567 8.603 1.54 0.1593 
 
With α=0.1, the difference between the 0° and 30° angles is significant (p=0.01), while 
the difference between the 0° and 20° angles is not (p=0.13). The difference between the 20° and 
30° angle is also not significant (p=0.16). Although the difference between the 0° and 20° angles 
is not statistically significant at α=0.1, further investigation could merit more precise results. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
The energy consumption of a mower-conditioner was evaluated and modifications were 
made to reduce the energy consumption of the machine when harvesting miscanthus. A review 
of literature indicated that by increasing the blade oblique angle a reduction in energy 
consumption could be achieved. A single disk cutter was first used to determine the feasibility of 
fitting angle blades to a mower-conditioner. Results from the single disk cutter trials indicated 
that an energy savings could be achieved by increasing blade oblique angle.  Sets of blades with 
angles of 0°, 20° and 30° were fitted to a mower conditioner and energy consumption was 18.5 
MJ/Mg, 15.9 MJ/Mg, and 13.5 MJ/Mg, respectively. Statistical analysis revealed that only the 
30° oblique angle was significant (p=0.01).  However, it was confirmed that the energy 
consumption of the mower conditioner could be reduced by increasing the blade oblique angle. 
The “look- ahead” yield monitor system was developed to measure the biomass yield just 
prior to the crop being cut. The yield information was then used to determine the energy 
consumption of the mower-conditioner in MJ/Mg of miscanthus. The yield sensing system was 
developed for the 2012 harvest season, and recalibrated for use during the 2013 mower-
conditioner blade angle trials. The yield monitor system performed as expected, and correlated 
well with the actual crop yield (R
2
=0.80). Further development would be necessary to use this 
yield sensing system as a means of feedrate control. 
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CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK 
The field experiments in which the modifications to the mower-conditioner were studied 
presented opportunities for future work. First of all, the yield sensing system shows great 
promise for future development as a feedrate control mechanism. Secondly, the angle blades for 
the machine energy consumption studies could be further tested to provide information regarding 
blade durability and cost of replacement. 
An optimum material throughput, or crop load, could be determined for the mower 
conditioner, and the output from the yield sensor could describe the amount of crop about to be 
cut. Such information could then be relayed to the machine operator via a lightbar similar to 
those used in precision guidance systems, informing the operator of the need to increase or 
reduce the travel speed to maintain the optimum throughput. Further development of this system 
could facilitate the introduction of automated feedrate control, in which the travel speed is 
adjusted automatically. 
Differences in the design of the angle blades from the straight blades may affect the 
overall life of the blade. This presents opportunities to study how often the angled blades should 
be replaced in comparison to the straight blades, or how the oblique angles affect the longevity 
of the blade life. It may be important to know if the savings associated with reduced energy 
consumption outweigh the costs associated with replacing the angle blades. It is unknown what 
those costs might be. 
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APPENDIX A: PUSHBAR CALIBRATION 
A.1 Pushbar Calibration Data 
Table 8: 2012 Pushbar Calibration Test 
Lbs 40 20 10 5 1 Total lbs Voltage 
Spacing 
(in) 
No of each 4 
    
160 5.45 40 
 
4 4 
   
240 8.43 40 
  
4 
   
80 2.93 40 
  
7 2 
  
160 5.96 40 
 
4 7 2 
  
320 11.37 15 
 
4 7 2 
  
320 11.56 40 
 
4 7 2 
  
320 11.53 60 
 
4 3 2 
  
240 8.68 60 
 
3 3 
   
180 6.40 60 
 
3 2 
   
160 5.69 60 
 
3 1 
   
140 4.94 60 
 
3 
    
120 4.21 60 
 
2 
    
80 2.91 60 
 
1 
    
40 1.43 60 
 
0 
    
0 -0.01  
  
7 2 
  
160 5.81 16 
  
6 2 
  
140 5.08 16 
  
6 
   
120 4.34 16 
  
5 
   
100 3.64 16 
  
4 
   
80 2.94 16 
  
3 
   
60 2.13 16 
  
2 
   
40 1.46 16 
  
1 
   
20 0.73 16 
  
0 
   
0 -0.01  
   
2 6 
 
50 1.87 16 
   
2 4 
 
40 1.50 16 
   
1 4 
 
30 1.13 16 
   
1 2 
 
20 0.76 16 
   
1 0 
 
10 0.37 16 
   
0 
  
0 -0.01  
    
8 
 
40 1.51 16.5 
    
7 
 
35 1.32 16.5 
    
6 
 
30 1.14 16.5 
    
5 
 
25 0.94 16.5 
    
4 
 
20 0.76 16.5 
    
3 
 
15 0.57 16.5 
    
2 
 
10 0.38 16.5 
    
1 
 
5 0.19 16.5 
    
0 
 
0 -0.01  
     
8 8 0.32 16.5 
     
7 7 0.28 16.5 
     
6 6 0.24 16.5 
     
5 5 0.20 16.5 
     
4 4 0.16 16.5 
     
3 3 0.12 16.5 
     
2 2 0.08 16.5 
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Table 9: 2013 Pushbar Calibration Test 
Lbs 40 20 10 5 1 Total lbs Voltage 
No of each 0 
    
0 0.004 
 
8 
    
320 5.020 
 
7 
    
280 4.490 
 
6 
    
240 3.850 
 
5 
    
200 3.310 
 
4 
    
160 2.570 
 
3 
    
120 1.970 
 
2 
    
80 1.300 
 
1 
    
40 0.700 
 
0 
    
0 0.008 
  
4 
   
80 1.505 
  
3 
   
60 1.152 
  
2 
   
40 0.799 
  
1 
   
20 0.388 
  
0 
   
0 0.006 
   
4 
  
40 0.802 
   
3 
  
30 0.623 
   
2 
  
20 0.429 
   
1 
  
10 0.192 
   
0 
  
0 0.004 
    
8 
 
40 0.749 
    
7 
 
35 0.653 
    
6 
 
30 0.559 
    
5 
 
25 0.467 
    
4 
 
20 0.371 
    
3 
 
15 0.281 
    
2 
 
10 0.187 
    
1 
 
5 0.094 
    
0 
 
0 0.004 
     
4 4 0.080 
     
3 3 0.061 
     
2 2 0.041 
     
1 1 0.022 
     
0 0 0.003 
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Figure 17: Convert 2012 voltage values to a measurement of weight, Mg. 
 
Figure 18: Convert 2013 voltage values to a measurement of weight, Mg.  
y = 0.0127x - 0.0003 
R² = 0.9995 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
V
o
lt
a
g
e,
 V
 
Weight, Mg 
Voltage to weight, Mg 
y = 34.977x + 0.061 
R² = 0.9976 
0.000
1.000
2.000
3.000
4.000
5.000
6.000
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
V
o
lt
a
g
e,
 V
 
Weight, Mg 
Voltage to weight, Mg 
67 
 
A.2 Voltage Conversion 
Table 10: Calibration data used to convert 2013 voltage to 2012 voltage equivalent. 
Total 
lbs 
2013 
Voltage 
2012 
Voltage 
0 0.005 -0.0074 
1 0.022 0.032 
2 0.041 0.084 
3 0.061 0.121 
4 0.080 0.163 
5 0.094 0.193 
10 0.190 0.377 
15 0.281 0.573 
20 0.396 0.748333 
25 0.467 0.942 
30 0.591 1.1325 
35 0.653 1.324 
40 0.763 1.47375 
60 1.152 2.18 
80 1.403 2.916667 
120 1.970 4.34 
160 2.570 5.7275 
240 3.850 8.555 
320 5.020 11.48667 
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Figure 19: Conversion from 2013 voltage to 2012 voltage equivalent. 
 
Figure 20: Conversion from bending force to yield estimation.  
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APPENDIX B: MEASUREMENT RESULTS 
B.1 Single Disk Cutter Results 
 
Figure 21: Energy consumption by blade angle and fixture for single disk cutter. 
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B.2 Field Swath Maps 
 
Figure 22: Swath pattern map by blade angle, plot B0. 
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Figure 23: Swath pattern map by blade angle, plot B1. 
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Figure 24: Swath pattern map by blade angle, plot B2. 
 
 
-10
0
10
20
30
40
50
60
70
0 20 40 60 80 100 120 140
N
o
rt
h
-S
o
u
th
, 
m
 
East-West, m 
B2-MXG 2013 Harvest 
Endrows 0 Degree 20 Degree 30 Degree
73 
 
 
Figure 25: Swath pattern map by blade angle, plot B3. 
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Figure 26: Swath pattern map by blade angle, plot B4. 
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B.3 Yield Maps 
 
Figure 27: Plot B0 yield map, 2013 harvest. 
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Figure 28: Plot B1 yield map, 2013 harvest. 
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Figure 29: Plot B2 yield map, 2013 harvest. 
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Figure 30: Plot B3 yield map, 2013 harvest. 
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Figure 31: Plot B4 yield map, 2013 harvest. 
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APPENDIX C: STATISTICAL ANALYSIS 
C.1 SAS® Code 
data JustinMS; 
infile "C:\Users\jmaugha2\Desktop\2013energy.csv" 
dlm="," firstobs=2; 
input plot$ angle pass energy speed torque yield; 
run; proc print data=JustinMS;run; 
 
*running correlation analysis of dependent variables—all data; 
proc corr data=JustinMS; 
var speed torque yield energy; run; 
 
*running correlation analysis of dependent variables—all data; 
proc corr data=JustinMS; 
var energy speed torque yield;  
by plot; run; 
 
 
*scatter of dep. Variables---all data, grouped by angle; 
proc sgscatter data=JustinMS;  
matrix energy speed torque yield/group=angle;  
run; 
 
*scatter of dep. Variables---each plot, grouped by angle; 
proc sgscatter data=JustinMS;  
matrix energy speed torque yield/group=angle; 
by plot; run; 
 
 
*energy consumption analysis; 
Ods html; 
Ods graphics on; 
proc glimmix data=JustinMS plots=residualpanel; 
class plot angle pass; 
model energy=angle/dist=normal ddfm=kr; 
random plot plot*angle; 
covtest glm/wald; 
lsmeans angle/pdiff; 
run; 
ods graphics off; 
ods html close; 
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C.2 Full SAS® Output 
The SAS System 
 
The GLIMMIX Procedure 
Model Information 
Data Set WORK.JUSTINMS 
Response Variable energy 
Response Distribution Gaussian 
Link Function Identity 
Variance Function Default 
Variance Matrix Not blocked 
Estimation Technique Restricted Maximum Likelihood 
Degrees of Freedom Method Kenward-Roger 
Fixed Effects SE Adjustment Kenward-Roger 
 
Class Level Information 
Class Levels Values 
plot 5 B0 B1 B2 B3 B4 
angle 3 0 20 30 
pass 13 1 2 3 4 5 6 7 8 9 10 11 12 13 
 
Number of Observations Read 7713 
Number of Observations Used 7713 
 
Dimensions 
G-side Cov. Parameters 2 
R-side Cov. Parameters 1 
Columns in X 4 
Columns in Z 20 
Subjects (Blocks in V) 1 
Max Obs per Subject 7713 
 
Optimization Information 
Optimization Technique Dual Quasi-Newton 
Parameters in Optimization 2 
Lower Boundaries 2 
Upper Boundaries 0 
Fixed Effects Profiled 
Residual Variance Profiled 
Starting From Data 
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Iteration History 
Iteration Restarts Evaluations Objective 
Function 
Change Max 
Gradient 
0 0 4 67204.350979 . 125.339 
1 0 9 67202.427347 1.92363201 49.33782 
2 0 7 67201.909164 0.51818316 10.5951 
3 0 3 67201.907938 0.00122535 1.688453 
4 0 3 67201.907431 0.00050791 0.473972 
5 0 2 67201.907427 0.00000365 0.017557 
 
Convergence criterion (GCONV=1E-8) satisfied. 
 
Fit Statistics 
-2 Res Log Likelihood 67201.91 
AIC (smaller is better) 67207.91 
AICC (smaller is better) 67207.91 
BIC (smaller is better) 67206.74 
CAIC (smaller is better) 67209.74 
HQIC (smaller is better) 67204.76 
Generalized Chi-Square 2734922 
Gener. Chi-Square / DF 354.72 
 
Covariance Parameter Estimates 
Cov Parm Estimate Standard Error Z Value Pr > Z 
plot 35.7756 26.6578 1.34 0.0898 
plot*angle 4.5610 2.8444 1.60 0.0544 
Residual 354.72 5.7174 62.04 <.0001 
 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
angle 2 8.409 5.33 0.0320 
 
angle Least Squares Means 
angle Estimate Standard Error DF t Value Pr > |t| 
0 18.4696 2.8852 4.847 6.40 0.0015 
20 15.8612 2.8975 4.924 5.47 0.0029 
30 13.4627 2.8883 4.869 4.66 0.0059 
 
Differences of angle Least Squares Means 
angle _angle Estimate Standard Error DF t Value Pr > |t| 
0 20 2.6084 1.5504 8.426 1.68 0.1291 
0 30 5.0069 1.5340 8.214 3.26 0.0111 
20 30 2.3985 1.5567 8.603 1.54 0.1593 
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Tests of Covariance Parameters 
Based on the Restricted Likelihood 
Label DF -2 Res Log Like ChiSq Pr > ChiSq Note 
Independence 2 67770 567.86 <.0001 MI 
 
MI: P-value based on a mixture of chi-squares. 
 
